Mutations in presenilin genes are linked to early onset familial Alzheimer's disease (FAD). Previous work in non-neuronal cells indicates that presenilin-1 (PS1) associates with cytoskeletal elements and that it facilitates Notch1 signaling. Because Notch1 participates in the control of neurite growth, cultured hippocampal neurons were used to investigate the cytoskeletal association of PS1 and its potential role during neuronal development. We found that PS1 associates with microtubules (MT) and microfilaments (MF) and that its cytoskeletal association increases dramatically during neuronal development. PS1 was detected associated with MT in the central region of neuronal growth cones and with MF in MF-rich areas extending into filopodia and lamellipodia. In differentiated neurons, PS1 mutations reduced the interaction of PS1 with cytoskeletal elements, diminished the nuclear translocation of the Notch1 intracellular domain (NICD), and promoted a marked increase in total neurite length. In developing neurons, PS1 overexpression increased the nuclear translocation of NICD and inhibited neurite growth, whereas PS1 mutations M146V, I143T, and deletion of exon 9 (D9) did not facilitate NICD nuclear translocation and had no effect on neurite growth. In cultures that were treated with amyloid ␤ (A␤), PS1 mutations significantly increased neuritic dystrophy and AD-like changes in tau such as hyperphosphorylation, release from MT, and increased tau protein levels. We conclude that PS1 participates in the regulation of neurite growth and stabilization in both developing and differentiated neurons. In the Alzheimer's brain PS1 mutations may promote neuritic dystrophy and tangle formation by interfering with Notch1 signaling and enhancing pathological changes in tau.
Mutations in presenilin genes are linked to early onset familial Alzheimer's disease (FAD) . Previous work in non-neuronal cells indicates that presenilin-1 (PS1) associates with cytoskeletal elements and that it facilitates Notch1 signaling. Because Notch1 participates in the control of neurite growth, cultured hippocampal neurons were used to investigate the cytoskeletal association of PS1 and its potential role during neuronal development. We found that PS1 associates with microtubules (MT) and microfilaments (MF) and that its cytoskeletal association increases dramatically during neuronal development. PS1 was detected associated with MT in the central region of neuronal growth cones and with MF in MF-rich areas extending into filopodia and lamellipodia. In differentiated neurons, PS1 mutations reduced the interaction of PS1 with cytoskeletal elements, diminished the nuclear translocation of the Notch1 intracellular domain (NICD), and promoted a marked increase in total neurite length. In developing neurons, PS1 overexpression increased the nuclear translocation of NICD and inhibited neurite growth, whereas PS1 mutations M146V, I143T, and deletion of exon 9 (D9) did not facilitate NICD nuclear translocation and had no effect on neurite growth. In cultures that were treated with amyloid ␤ (A␤), PS1 mutations significantly increased neuritic dystrophy and AD-like changes in tau such as hyperphosphorylation, release from MT, and increased tau protein levels. We conclude that PS1 participates in the regulation of neurite growth and stabilization in both developing and differentiated neurons. In the Alzheimer's brain PS1 mutations may promote neuritic dystrophy and tangle formation by interfering with Notch1 signaling and enhancing pathological changes in tau.
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The most aggressive form of early onset familial Alzheimer's disease (FAD) is caused by mutations in two related genes, presenilin-1 and presenilin-2 (PS1 and PS2; Levy-Lahad et al., 1995; Sherrington et al., 1995) . Both genes encode highly homologous integral membrane proteins spanning seven to eight transmembrane domains and a hydrophilic loop between transmembrane domains 6 and 7 (Doan et al., 1996; Li and Greenwald, 1998) . In neurons the presenilins are localized in the endoplasmic reticulum (ER), intermediate compartment, and nuclear membranes (Busciglio et al., 1997; Capell et al., 1997; Lah et al., 1997; Annaert et al., 1999) . Presenilins undergo endoproteolytic cleavage, generating stable N-and C-terminal fragments (NTF and CTF) that are regulated tightly in their levels and stoichiometry (Thinakaran et al., , 1997 . NTF and CTF interact with each other and with other proteins to form a high-molecular-weight heterodimeric complex (Capell et al., 1998; Yu et al., 1998) .
Recent experiments suggest that PS1 is ␥-secretase (Li et al., 2000) and that its function is related to the trafficking, turnover, and cleavage of amyloid precursor protein (APP; De Strooper et al., 1998; Wolfe et al., 1999) and other membrane proteins.
Deficiency of PS1 inhibits the processing and transport of APP and the maturation of the TrkB receptor (De Strooper et al., 1998; Naruse et al., 1998) ; PS1 activity also is required for the cleavage of Notch1 at the plasma membrane and the release of the Notch1 intracellular domain (NICD; De Strooper et al., 1999; Song et al., 1999; Struhl and Greenwald, 1999; Ye et al., 1999) .
Notch1 is a transmembrane receptor that mediates cell fate decisions during development (Artavanis-Tsakonas et al., 1995; Kopan et al., 1996; Weinmaster, 1997) . Ligand binding of a member of the Delta-Serrate-LAG2 family induces the proteolytic cleavage of Notch1 and the nuclear translocation of NICD, where it activates the transcription of downstream genes (Jarriault et al., 1995; Schroeter et al., 1998; Struhl and Adachi, 1998) . In differentiated neurons Notch1 signaling has been shown to inhibit neurite growth (Berezovska et al., 1999a; Franklin et al., 1999; Sestan et al., 1999; Redmond et al., 2000) and to promote dendritic branching (Redmond et al., 2000) .
Previous results suggest that PS1 may interact with cytoskeletal elements, including the microtubule-associated protein tau (Takashima et al., 1998) and the actin-binding protein filamin (Z hang et al., 1998) . In AD brains PS1 has been detected associated with neurofibrillary tangles (N F T) and dystrophic neurites (Busciglio et al., 1997; Giannakopoulos et al., 1997; Tomidokoro et al., 1999) . In this report the cytoskeletal association of PS1 and its role in the control of neurite growth were analyzed in hippocampal cultures. We show that PS1 interacts with microtubules (MT) and microfilaments (M F) and that its association with cytoskeletal elements increases during neuronal differentiation. FAD-linked mutations M146V, I143T, and D9 reduce cytoskeletal binding, interfere with Notch1 signaling, and deregulate neurite growth. In addition, PS1 mutations potentiate amyloid ␤ (A␤)-induced neuronal dystrophy and pathological changes in tau. Our results provide evidence that PS1 mutations may enhance and accelerate neuritic dystrophy and tangle formation.
MATERIALS AND METHODS
Antibodies. PSN2 and PSN3 monoclonal antibodies were raised against a synthetic peptide corresponding to amino acid residues 31-56 of PS1 (Okochi et al., 1998) . Antibody 2025 is a rabbit antiserum raised against a synthetic peptide corresponding to amino acid residues 1-20. The rabbit antiserum AD3L and the mouse antiserum mAD3L were raised against a synthetic peptide corresponding to residues 295-325 in the loop region of PS1 (Sahara et al., 1996; Okochi et al., 1998) . Other antibodies that were used include a monoclonal antibody against ␤-tubulin isotype III (clone SDL.3D10; Sigma, St. L ouis, MO), monoclonal anti-A␤ (clone 6E10; Senetek, Napa, CA), anti-Bip (clone 10c3; StressGen, Sidney, C anada), polyclonal anti-Notch1 (C -20; Santa Cruz Biotechnology, Santa Cruz, CA), anti-red fluorescent protein (RFP; D.s. peptide antibody, C lontech, Palo Alto, CA), and monoclonal antibodies to dephosphorylated tau at Ser-199/Ser-202 (Tau-1; Roche, Indianapolis, I N) and to phosphorylated tau at Ser-396/Ser-404 (PHF-1; Greenberg et al., 1992) .
Cell culture. Rat hippocampal cultures were established from embryonic day 18 fetuses as described (Goslin, 1992) . The cells were plated on poly-L-lysine-treated culture dishes or glass coverslips at a density of 20,000 cells/cm 2 in DM EM plus 10% horse serum for 2-3 hr. After cell attachment the media were replaced with Neurobasal media supplemented with 2% B27 (Life Technologies, Grand Island, N Y). To depolymerize MT selectively in neuronal growth cones, we incubated the cultures with 30 M nocodazole for 30 min before fixation. To depolymerize M F, we treated the cultures with 10 g /ml cytochalasin B for 1 hr.
Preparation of c ytosk eletal f ractions. Triton X-100 (TX-100)-resistant cytoskeletons were prepared as described (Busciglio et al., 1995) . Briefly, the cultures were washed with prewarmed MT-stabilizing buffer (0.13 M H EPES, pH 6.9, 2 mM MgC l 2 , and 10 mM EGTA) and extracted in the same buffer plus 0.2% TX-100 for 5 min at 37°C. Then the cultures were fixed, and immunocytochemistry was performed on the TX-100-resistant material remaining on the coverslip. For Western blot the cultures that were grown in culture dishes were extracted as described above and harvested in cold RI PA lysis buffer (1% TX-100, 0.5% sodium deoxycholate, and 0.1% SDS plus 150 mM NaC l and 50 mM Tris-HC l, pH 7.2) supplemented with protease inhibitors (Complete, Roche, Indianapolis, I N) and phosphatase inhibitors (Busciglio et al., 1993) . For some experiments a mild extraction protocol that preserves M F and cytoskeletal membrane interactions was used (Nakata and Hirokawa, 1987; Pigino et al., 1997) . The cells were washed in extraction buffer PH EM [containing (in mM) 80 PI PES/ KOH, pH 6.8, 1 MgC l 2 , 1 EGTA, and 1 GTP plus 30% glycerol], incubated for 1 min in 0.02% saponin / PH EM, washed, and fixed for immunocytochemistry. All steps were performed at 37°C.
Immunoc ytochemistr y. Before or after detergent extraction the cells were fixed for 30 min at 37°C in 4% paraformaldehyde and 0.12 M sucrose in extraction buffer, washed with PBS, and, in the case of unextracted cultures, permeabilized with 0.1% TX-100/ PBS for 10 min. The cultures were blocked for 1 hr in 5% BSA in PBS and incubated overnight at 4°C with primary antibody. For immunofluorescence (I F) Texas Red-or fluorescein-conjugated anti-rabbit, mouse, or goat secondary antibodies were used (Vector Laboratories, Burlingame, CA). For I F detection of endogenous Notch1, a highly sensitive tyramide signal amplification kit was used, following the vendor's protocol (N EN Life Science Products, Boston, M A). The specificity of Notch1 labeling was confirmed by abolishment of the I F signal by preabsorption of the primary antibody with the corresponding antigenic peptide. Fluorescence was visualized with a Z eiss L SM 410 confocal-scanning microscope or with an Olympus I X-70 inverted microscope.
Western blot and immunoprecipitation. For Western blots the unextracted cultures were washed with PBS at 37°C and harvested in cold RI PA. The lysates were centrif uged at 100,000 ϫ g for 60 min. Then the supernatants were collected, and the protein content was determined by a commercial kit (Bio-Rad, Hercules, CA). The samples were mixed with an equal volume of Laemmli sample buffer and maintained at room temperature for 15 min before loading onto gels. For immunoprecipitation, RI PA lysates were incubated overnight at 4°C with primary antibody and were immunoprecipitated with protein A-Sepharose (Pharmacia, Piscataway, NJ) for 2 hr. Then the beads were washed three times and resuspended in sample buffer containing protease inhibitors. The specificity of the immunoprecipitation was controlled by replacing the primary antibody for the corresponding nonimmune sera in the immunoprecipitate mixture. Proteins were separated by PAGE in 4 -20% gradient gels and transferred to poly vinylidene difluoride; the membranes were incubated overnight at 4°C with primary antibody. After incubation with peroxidase-conjugated secondary antibody, the reaction was developed by enhanced chemiluminescence (ECL; Amersham, Arlington Heights, IL). Primary antibodies were used at the following dilutions: PSN2 and PSN3, 1:500; 2025, 1:1000; AD3L, 1:3000; mAD3L, 1:1500; anti-Bip, 1:500; anti-RFP, 1:1000; PHF-1, 1:2000; Tau-1, 1:1500. To control the specificity of PS1 antibodies on Western blot assays, we performed preabsorptions with the corresponding antigenic peptides as described (Busciglio et al., 1993) . To control for protein loading and sample-to-sample variability, we stripped the immunoblots with 2% SDS in 100 mM ␤-mercaptoethanol for 2 hr at 37°C and restained them by using anti ␣-tubulin 1:4000 (clone DM1A; Sigma). The films were scanned with a FastScan densitometer (Molecular Dynamics, Sunny vale, CA), and volume analysis was performed on the appropriate bands with N IH Image software. A standard curve of pixel values was constructed by immunoblotting a serial dilution of purified tubulin. All densitometric measurements that were used for analysis were within the linear range of pixel values.
Transfection. Full-length PS1 and PS1 mutations M146V, I143T, and D9 were cloned into pcDNA3 (Invitrogen, C arlsbad, CA). All constructs were confirmed by sequencing. Hippocampal cultures were transfected at 1 and 8 d in vitro (DIV) by using calcium phosphate as previously described (Threadgill et al., 1997) , with the following modification: the calcium phosphate/ DNA precipitate was formed in H EPES-buffered saline, pH 7.05, incubated at room temperature in the dark for 1 min, and immediately added to the cultures. This protocol resulted in ϳ30% transfection efficiency in 10 DIV cultures. C ells were cotransfected with red or green fluorescent protein expression vectors (RFP, GFP; C lontech) as transfection markers and one of the following constructs: empty vector pcDNA3, pcDNA3-PS1-wt, pcDNA3-PS1-M146V, pcDNA3-PS1-I143T, or pcDNA3-PS1-D9. The total cDNA concentration was 5 g /500 l of media. The ratio of RFP/pcDNA3-PS1 was 1:3. The efficiency of cotransfection was ϳ95%. Neuronal cells were transfected in 24-well plates in quadruplicate wells. E xpression of PS1 constructs was confirmed by I F. RFP fluorescence was distributed along the entire length of neuronal processes, allowing for the morphological analysis of transfected cells. The cultures were processed and analyzed 48 hr after transfection.
Morphometric anal ysis. To analyze the effect of PS1-wt and FADlinked mutations on neurite growth, Notch1 I F ratio, and A␤-induced neuronal dystrophy, we captured the images of cotransfected neurons with PS1 and RFP with a CCD camera (Spot, Diagnostic Instruments, Sterling Heights, M I) driven by Spot image acquisition software and analyzed with N IH Image software. Data were collected from at least five independent transfection experiments. The identity of transfected cultures was coded to avoid experimental bias. Data are expressed as the mean Ϯ SE. Asterisks in the figures indicate significant statistical differences among groups as determined by Student's t test. To determine total neuritic length, we scored 50 -100 transfected cells per well in quadruplicate wells. More than 200 cells were scored per experimental condition. To determine the Notch1 I F ratio of cytoplasm /nuclei, we measured the intensity of Notch1 I F in identical volumes of nuclear and cytoplasmic areas in the same cell in 80 individual cells per condition. To quantif y the number of individual dystrophic events per neuron, we analyzed images of 30 neurons per condition, and we scored the number of dystrophic processes with N IH Image software.
A␤ peptide treatment. Synthetic A␤ 1-42 (Bachem, K ing of Prussia, PA) was dissolved in double-distilled sterile H 2 O to 3 mg /ml, f urther diluted in sterile PBS to 1.5 mg /ml, and used after preincubation at 37°C for 3-4 d to preaggregate the peptide. Then A␤ aggregates were pelleted in a microf uge at 10,000 rpm for 5 min; the supernatant was discarded to eliminate soluble A␤ oligomers. The predominant form of A␤ in this preparation has been shown to be fibrillar by electron microscopy and Congo red birefringence (L orenzo and Yankner, 1994) . Fibrillar A␤ was added directly to the culture medium at a final concentration of 20 M. Control cells were treated with reverse sequence A␤ or PBS alone. The peptides were added 2 hr after transfection to 8 DIV cultures and incubated for 48 hr before analysis.
RESULTS

PS1 is associated with cytoskeletal elements in cultured hippocampal neurons
The association of PS1 with components of the neuronal cytoskeleton was analyzed in growth cones where the MT and MF are less packed and accessible for subcellular localization studies at the light microscopy level. Significant expression of PS1 has been found in neuronal growth cones in culture (Busciglio et al., 1997; Capell et al., 1997; Levesque et al., 1999) and in growth coneenriched fractions purified from rat brain homogenates (Beher et al., 1999) . Confirming those reports, confocal microscopy studies showed a reticular pattern of PS1 IF in growth cones, in which a portion of it colocalized with the ER resident protein Bip (Fig.  1 A,B) . PS1 IF extended to the periphery and into lamellipodia, whereas Bip IF was restricted to the neuritic shaft and central region of the growth cones ( Fig. 1 A,B) . PS1 IF was retained in cultures extracted with TX-100 under MT-stabilizing conditions before fixation (Fig. 1C) . In contrast, Bip immunostaining was lost completely in these preparations (Fig. 1 D) . In extracted cultures PS1 IF was detected in the central region of growth cones where it showed partial colocalization with MT ( Fig. 1 E,F, arrows) . PS1 IF was negative in cytoskeletal preparations of cultures treated with the MT-depolymerizing drug nocodazole, further suggesting an association of PS1 with MT ( Fig. 1G,H ) .
As shown in Figure 1 A, PS1 immunolabeling in nonextracted cells extended to the periphery of growth cones into lamellipodia. To determine whether PS1 localization in MF-enriched areas depends on the presence of intact MF, we used a mild extraction with saponin to preserve the actin cytoskeleton and its interaction with membrane-associated proteins (Nakata and Hirokawa, 1987; Pigino et al., 1997) . In these preparations PS1 IF extended to the edges of lamellipodia and filopodia where it showed several points of contact with MF ( Fig. 2 A-C, arrows) . Depolymerization of MF with cytochalasin B completely abolished actin and PS1 labeling from the periphery (Fig. 2 D,E) , although PS1 IF remained in the central region of growth cones (Fig. 2 D) where it is associated with ER membranes and MT (see Fig. 1 ). These results indicate that PS1 interacts with MT in the central region of growth cones and with MF at or near the cellular membrane of filopodia and lamellipodia.
Western blot analysis of hippocampal culture homogenates confirmed the presence of PS1 in the insoluble fraction of TX-100-extracted cultures (Fig. 3A) . The amount of PS1 present in this fraction increased dramatically during neuronal differentiation; by 10 DIV, most full-length (FL), CTF (Fig. 3A) , and NTF (data not shown) PS1 were recovered in the insoluble fraction. In contrast, after TX-100 extraction, Bip was solubilized completely (Fig. 3B) . These results suggest that the interaction of PS1 with cytoskeletal elements increases during neuronal development and that this interaction is not a common feature of other ER resident proteins.
FAD-linked PS1 mutations reduce cytoskeletal binding, inhibit NICD nuclear translocation, and deregulate neurite growth
The ability of FAD-linked PS1 mutations M146V, I143T, and D9 to bind to the neuronal cytoskeleton was tested at 10 DIV, when most PS1 appears to be associated with the detergent-resistant fraction (Fig. 3A) . Hippocampal neurons were transfected at 8 DIV, and 48 hr later they were extracted and processed for Western blot. RFP, which is soluble, showed little retention in the cytoskeletal fraction (Fig. 3C) . The ratio of PS1 expression in the insoluble-over-soluble fractions revealed that the level of PS1 mutant proteins was diminished markedly in the insoluble fraction as compared with PS1-wt (Fig. 3C) . Interestingly, this decrease in the cytoskeletal association of PS1 in 10 DIV neurons overexpressing PS1 mutations was correlated with a marked decrease in the levels of nuclear NICD (Fig. 4 B) and a significant increase in total neuritic length as compared with RFP-or PS1- Figure 4 . PS1 enhances nuclear translocation of NICD and reduces neurite growth, whereas PS1 mutations inhibit both effects. A, Confocal images of double IF labeling (merged images) showing the subcellular localization of endogenous Notch1 ( green) and ␤-tubulin class III (red) in hippocampal neurons at 3 and 10 DIV. Diffuse Notch1 IF is detected in cell bodies and in the initial portion of neuritic processes but is excluded from neuronal nuclei (arrow) at 3 DIV; however, clear Notch1 nuclear staining is observed in the neurons by 10 DIV (arrow). Scale bar, 20 m. B, Relative intensity of Notch1 I F in nuclear-over-cytoplasmic compartment in 3 and 10 DIV neurons transfected with the indicated plasmids at 1 and 8 DIV, respectively. I F ratios in individual cells were determined as described in Materials and Methods. At 3 DIV the PS1-wt-transfected cells showed a significant increase in nuclear I F as compared with RFP-or PS1 mutanttransfected cells. At 10 DIV the neurons expressing PS1 mutations exhibited significantly lower levels of nuclear I F than RFP-or PS1-wtexpressing cells. Values are the mean Ϯ SE; n ϭ 80 cells analyzed per condition in a representative experiment. Similar results were obtained in five independent experiments. *p Ͻ 0.01 relative to control RFP by Student's t test. C, Total neuritic length of 3 and 10 DIV neurons transfected with the indicated plasmids at 1 and 8 DIV, respectively. PS1 mutations failed to reduce neuritic growth in 3 DIV cultures, whereas at 10 DIV the neurons expressing PS1 mutations exhibited significantly longer processes than RFP-or PS1-wt-transfected cells. Morphometric analysis was performed as described in Materials and Methods. Values are the mean Ϯ SE; n ϭ 110 cells analyzed per condition in a representative experiment. Similar results were obtained in five independent experiments. *p Ͻ 0.01 relative to control RFP by Student's t test. The blots were developed with antibody AD3L that recognizes PS1 FL and CTF. Note the dramatic increase in the association of FL and CTF to the insoluble fraction during neuronal development. In contrast, the ERresident protein Bip is solubilized completely by extraction with TX-100 ( B). C, Cytoskeletal binding of RFP and PS1 expressed as the amount of protein in the insoluble-over-soluble fractions, determined by quantitative Western blot analysis with antibody AD3L to PS1 CTF and anti-RFP (see Materials and Methods). Cultures were transfected at 8 DIV and analyzed at 10 DIV. Similar results were obtained with antibodies PSN2 and 2025 recognizing PS1 NTF (data not shown). Note that PS1-wt is retained more efficiently in the cytoskeleton than PS1 mutations. Values are the mean Ϯ SE; n ϭ 6 independent experiments. *p Ͻ 0.001 relative to PS1-wt by Student's t test.
wt-transfected neurons (Fig. 4C ). This result suggests that PS1 is involved in the regulation of Notch1-mediated neurite growth and that PS1 mutations alter this process. To investigate this possibility further, we also tested the effect of M146V, I143T, and D9 mutations in younger cultures plated at low density to minimize cell contact, which has been demonstrated to activate Notch1 inhibitory input on neurite growth (Sestan et al., 1999) . Hippocampal neurons at 3 DIV were used because at this stage neuritic processes are actively growing, no cell contacts are present, and Notch1 signaling is not active. These cultures exhibited diffuse cytoplasmic IF for Notch1 and minimal Notch1 nuclear IF as compared with neurons at 10 DIV, by which time Notch1 nuclear IF is detected clearly (Fig. 4 A) . Overexpression of PS1-wt at 3 DIV significantly increased nuclear IF of Notch1 (Fig. 4 B) and reduced total neuritic length from 1574 Ϯ 85 m in cells transfected with RFP to 910 Ϯ 36 m (Fig. 4C) . These two events, increased nuclear Notch1 IF and reduced neuritic length, resemble a more advanced neurodevelopmental stage, e.g., 10 DIV neurons, in which cell contact activates Notch1 signaling and inhibits neuritic growth (Sestan et al., 1999) , suggesting that PS1 overexpression in 3 DIV neurons inhibits neurite growth by increasing Notch1 signaling. All three PS1 mutations expressed at 3 DIV failed to enhance NICD nuclear translocation (Fig. 4 B) and have no effect on neurite extension (Fig. 4C) . Thus, FADlinked mutations reduce the ability of PS1 to facilitate Notch1 signaling and deregulate neurite growth in both developing and differentiated neurons.
PS1 mutations potentiate A␤-induced neuronal dystrophy
E xposure to A␤ fibrils causes major alterations in neuronal morphology that include shrinkage of cell bodies and neuritic dystrophy (Busciglio et al., 1992; Pike et al., 1992; Irizarry et al., 1997; Geula et al., 1998) . In this context PS1 mutations may increase aberrant growth and neuritic dystrophy in neurons that are exposed to A␤ by suppressing the inhibitory input of Notch1 on neurite growth. To test this hypothesis, we analyzed neuritic dystrophy in 10 DIV neurons overexpressing PS1. At 2 hr after transfection the cells were treated with 20 M fibrillar A␤; 48 hr later the cultures were fixed, and neuronal dystrophy was analyzed. Trypan blue exclusion assays determined that most dystrophic neurons were alive after 48 hr (data not shown). In nontransfected cultures A␤ treatment induced dystrophy in 27% of the neurons (Fig. 5A) . A similar percentage of neurons expressing RFP (30%) and PS1-wt (32%) developed dystrophy as well (Fig. 5A) . The percentage of dystrophic neurons expressing PS1 mutations increased to 48% (M146V), 52% (I143T), and 50% (D9) (Fig. 5A) . The high degree of dystrophy observed in neurons expressing PS1 mutants (Fig.  5B ) prompted us to determine whether PS1 mutations increased the number of individual dystrophic processes per cell. Dystrophic events that were scored included abnormal neuritic branches protruding from neuronal cell bodies (Fig. 6 A) and neuritic processes with obvious aberrant morphology (Fig.  6 B) . Interestingly, the majority of abnormal processes was found in physical contact with A␤ deposits (Fig. 6 A,B) . The number of dystrophic events was elevated significantly in neurons expressing PS1 mutations as compared with RFP-or PS1-wt-transfected cells (Fig. 6C ). This result indicates that FAD-linked PS1 mutations potentiate A␤-induced dystrophy by increasing both the number of dystrophic processes per neuron and the total number of dystrophic neurons in the culture. 
PS1 mutations increase A␤-induced tau phosphorylation
Treatment with A␤ increases tau phosphorylation in primary rat and human neurons (Busciglio et al., 1995; Ferreira et al., 1997) , releasing phosphorylated tau from the cytoskeletal fraction (Busciglio et al., 1995) . Previous work has shown that PS1 associates with tau and glycogen synthase kinase-3␤ (GSK3␤) and that PS1 mutations increase GSK3␤ activity (Weihl et al., 1999) and tau phosphorylation when PS1 and tau are coexpressed by transient transfection in Cos-7 cells (Takashima et al., 1998) . Doublelabeling IF experiments showed colocalization of endogenous PS1 and tau in neuronal growth cones where, similar to PS1, tau IF extended beyond the MT-rich central region and entered into filopodia and lamellipodia (Fig. 7A, arrows) . To establish whether endogenous PS1 and tau interact in hippocampal neurons treated with A␤, we performed coimmunoprecipitation experiments. Lysates of 10 DIV cultures treated with 20 M A␤ for 48 hr were immunoprecipitated with PHF-1, a monoclonal antibody to phosphorylated tau at Ser-396/Ser-404 (Greenberg et al., 1992) , which has been shown to recognize hyperphosphorylated soluble tau in A␤-treated cultures (Busciglio et al., 1995) . Western blot analysis of the immunoprecipitated samples showed that PS1 FL and NTF were coimmunoprecipitated by PHF-1 and recognized in the blots by specific antibodies against PS1 (Fig. 7B) . Preabsorption with antigenic peptides completely abolished PS1-specific immunoreactivity from the Western blots (Fig. 7B) . Conversely, hyperphosphorylated tau was recognized by PHF-1 in Western blots of samples immunoprecipitated with 2025, a polyclonal antibody that recognizes the NTF of PS1 (Fig. 7B) . These results suggest that endogenous PS1 interacts with hyperphosphorylated soluble tau in A␤-treated neurons.
To determine the effect of PS1 mutations on tau hyperphosphorylation, we analyzed hippocampal cultures expressing wildtype or mutated PS1 after A␤ treatment. Western blot analysis of cellular homogenates revealed that the expression of PS1 mutations significantly increased PHF-1 immunoreactivity as compared with GFP or PS1-wt constructs (Fig. 7D,E) . In these cultures the amount of tau detected by Tau-1, which recognizes a nonphosphorylated epitope at Ser-199/Ser-202, did not change significantly, indicating that PS1 mutations increased total tau protein levels, that is, dephosphorylated plus phosphorylated tau in A␤-treated neurons (Fig. 7D) . The amount of tubulin in the cytoskeleton was not altered in cells expressing the mutations (data not shown), suggesting that the release of tau was not caused by disassembly of the microtubular network. These results indicate that endogenous tau and PS1 interact in hippocampal neurons and that PS1 mutations potentiate A␤-induced hyperphosphorylation of tau and its release from the cytoskeleton.
DISCUSSION
These experiments indicate that PS1 regulates neuritic growth and that mutations linked to FAD destabilize the interaction of PS1 with the neuronal cytoskeleton, perturb Notch1 signaling, and enhance pathological changes in tau.
Immunocytochemical and biochemical studies revealed that PS1 associates with MT and MF in primary neurons (see Figs. 1-3). The presence of PS1 in lamellipodia and filopodia of neuronal growth cones (see Fig. 2 ) is not entirely surprising because PS1 has been detected at the cell surface and lamellipodia in non-neuronal cells (Dewji and Singer, 1997; Ray et al., 1999; Schwarzman et al., 1999) . One possibility is that cytoskeletal interactions stabilize the heterodimeric complex containing PS1 at specific subcellular compartments, e.g., the tip of neuronal processes, where its presence may be critical to facilitate the activity of Notch1 that regulates neurite growth. The MTassociated protein tau and the MF-binding protein filamin have been identified previously as PS1-binding proteins (Takashima et al., 1998; Zhang et al., 1998) , and both are enriched in growth cones, including filopodia and lamellipodia (Letourneau and Shattuck, 1989; Brandt et al., 1995) . In this regard, tau and filamin are potential candidates to mediate the cytoskeletal association of PS1. In growth cones of hippocampal neurons, tau colocalizes with PS1 both in MT-and MF-rich areas (see Fig. 7A ). Interestingly, previous studies have shown that the N-terminal projection domain of tau interacts with plasma membrane structures (Brandt et al., 1995) , where it may contribute to the stabilization of the PS1 complex.
The amount of PS1 associated with the cytoskeleton increases dramatically during neuronal development (see Fig. 3A) ; by 10 DIV, when hippocampal neurons are fully differentiated and Notch1 signaling is activated by cell contact (Sestan et al., 1999 ) (see Fig. 4 A), most PS1 is found in the cytoskeletal fraction (see Fig. 3A ). In 10 DIV cultures, PS1 mutations markedly decreased cytoskeletal binding (Fig. 3C ) and Notch1 nuclear IF (see Fig.  4 B) and increased total neuritic length (see Fig. 4C ), suggesting that, in differentiated neurons, PS1 mutations deregulate cell contact-dependent inhibition of neurite growth mediated by Notch1.
Modulation of neurite growth by PS1 also was observed in 3 DIV neurons devoid of cell contacts and bearing fast-growing axonal processes. In these cultures the overexpression of PS1-wt significantly increased nuclear translocation of NICD and decreased axonal growth (see Fig. 4 B,C) , although neither of these effects was observed in cultures expressing M146V, I143T, or D9 mutations (see Fig. 4 B,C) . Similarly, neurite growth is not inhibited by the overexpression of a constitutively active NICD construct in cultured neurons derived from PS1-M146L transgenic mice (Berezovska et al., 1999b) . Moreover, presenilin mutants induce morphological defects in Caenorhabditis elegans cholinergic interneurons by interfering with Notch1 signaling (Wittenburg et al., 2000) . Taken collectively, these results suggest that (1) PS1 negatively regulates neuritic growth by facilitating the inhibitory input of Notch1 on neurite extension and (2) PS1 mutations reduce Notch1 signaling and alter neuritic growth and neuronal morphology. Future experiments will determine whether the cytoskeletal association of PS1 is relevant for the facilitation of Notch1 signaling in neuronal cells.
An important implication of these results is that, under pathological conditions, PS1 mutations may predispose differentiated neurons to develop dystrophic features by deregulating neurite growth. In this regard, different factors leading to excessive or maladaptive plasticity-related cellular events may play a key role in the development of AD pathology (Mesulam, 1999) . To test this hypothesis, we evaluated neuritic dystrophy in A␤-treated neurons expressing wild-type and mutant PS1. Most hippocampal neurons remained viable after a 48 hr exposure to 20 M fibrillar A␤ but developed considerable dystrophic features (see Fig. 5B ). Interestingly, the majority of dystrophic processes was found in contact with A␤ deposits (see Fig. 6 A,B) , suggesting that physical interaction between fibrils and neuronal membranes is required to trigger the dystrophic response. Neurons expressing PS1 mu- Expression of green fluorescent protein (GFP) was used as a control. Note the increase in PHF-1 staining in cultures expressing PS1 mutations. No significant changes in the levels of nonphosphorylated tau were detected by Tau-1. E, Relative changes in the level of phosphorylated tau in A␤-treated cultures expressing PS1 mutations detected by the PHF-1 antibody. Quantitative Western blot analysis was performed as described in Materials and Methods. Values are the mean Ϯ SE; n ϭ 5 independent experiments. *p Ͻ 0.01 relative to PS1-wt by Student's t test.
tations showed a dramatic increase in the number of dystrophic processes per cell (see Fig. 6C ), the total number of dystrophic neurons in the culture (see Fig. 5A ), and a marked acceleration in the appearance of dystrophic features (G. P. and J. B., unpublished observation) as compared with cultures expressing PS1-wt. These results suggest that PS1 mutations potentiate neuritic dystrophy by promoting abnormal neurite growth.
PS1 colocalizes with NFT in the AD brain (Busciglio et al., 1997; Giannakopoulos et al., 1997; Tomidokoro et al., 1999) and with tau in neuronal growth cones in culture (see Fig. 7A ). Coimmunoprecipitation of endogenous PS1 and tau from cell lysates further suggests a molecular association between these two proteins in primary neurons (see Fig. 7B,C) . PS1 mutations significantly increased tau phosphorylation, total tau protein level, and the release of tau from the cytoskeleton (see Fig. 7D,E) . PS1 mutations may enhance tau hyperphosphorylation directly by increasing GSK3␤ tau kinase activity (Takashima et al., 1998; Weihl et al., 1999) and indirectly by destabilizing calcium homeostasis and increasing cytosolic Ca 2ϩ levels (Begley et al., 1999) , which have been shown to increase the activation of GSK3␤ and tau phosphorylation significantly (Hartigan and Johnson, 1999) . In addition, the interaction of PS1 with MTbinding domains that are present in the tau molecule (Takashima et al., 1998 ) may contribute to the release of tau from the microtubular polymer. Thus, PS1 mutations promote tau hyperphosphorylation, reduced microtubular binding, and increased levels. All of these abnormal modifications in tau are present in AD brains and may be implicated directly in the development of cytoskeletal pathology and tangle formation (Khatoon et al., 1992; Goedert, 1993; Alonso et al., 1994) .
In conclusion, our results indicate that PS1 regulates neuronal morphology, probably by facilitating Notch1 signaling, and that PS1 mutations potentiate neuritic dystrophy and enhance pathological changes in tau. It has been shown that FAD-linked presenilin mutations elevate the production and deposition of A␤ 1-42 Duff et al., 1996; Lemere et al., 1996; Xia et al., 1997) . The finding that PS1 mutations promote aberrant neuritic growth and enhance AD-like changes in tau suggests a novel and unanticipated role for presenilins in the development of AD pathology. Thus, in FAD patients, PS1 mutations may advance the onset of neurodegeneration not only by accelerating A␤ deposition but also by promoting neuritic dystrophy and tangle formation.
